We present a method of leaf image reconstruction for plants whose midribs are close to straight. First, tangerine leaves are used as an example to illustrate the geometric and leaf-shape features of such leaves and suggest an extraction method using principal component analysis. Hence, this method was used to extract the geometric features, and additional methods such as coordinate conversion, mathematical morphology, and scan line analysis were applied to extract the leaf shape features. Then, based on these leaf shape features, a Bezier deformation function of the tangerine leaf edges and their curved Bezier deformation function in the normal vector direction were employed to obtain a parametric equation of the leaves according to their rectangular deformation. Finally, a simple illumination model for the leaves is presented. The reconstruction results show that the method is highly efficient and geometrically realistic. These results will be useful for the further study of plant leaf image reconstruction.
Introduction
The spatial morphological structure of plant organs serves as a carrier of biological feature information such as plant gene expression, resource acquisition, and reproduction. Further, it provides evidence for the quantitative study of plant growth laws and indicates the indices of plant growth dynamics in different environments. The recent approach of leaf-image reconstruction is a nondestructive method for measuring plant organs that can obtain their dimensional parameters and the characteristics of their plant variety, enabling further analysis of such topics as their adaptability, cultivation, and production capacity. The combination of plant organ modeling with a three-dimensional (3D) point cloud to reconstruct a plant image is of key importance in the study plant characteristics.
According to source of data, the current research on plant-shape reconstruction can be classified into four categories: visual-based, sketch-based, image-based, and point cloud-based reconstruction. For different requirements, researchers use different methods in their experiments. Of these, the visual-based method renders an image of the plant organs that is similar to those in the real world, and the cloud-based method is an extension of this method because it can reconstruct these images accurately and precisely.
Visual-based modeling tends to achieve visual results more quickly but less accurately. For example, Deng et al. [1] constructed a parameterized geometric model for corn leaves, by which they obtained the vectorization of corn leaf morphology and its deformation process with just a few biological morphological parameters. Using the divide-and-conquer method, Dong et al. [2] proposed 3D model leaves and evaluated their similarities with respect to geometric shape and visual appearance in an effort to obtain the visual results of a simplified tree model. Lu et al. [3] proposed a deformation-based approach for plant modeling in which the approximate shape of the plants is simulated. Wang et al. [4] proposed a method to generate a tree with a specific shape, in which they defined a variable cost function to determine the differences between tree shapes and decompose the target tree crown into a series of subtrees. To improve the performance of plant growth simulation algorithms, Yang and Gong [5] designed an algorithm for a CPU and GPU hybrid architecture platform, which ensures the accuracy of the solution and improves its efficiency.
The method of sketch-based reconstruction requires interactive input from the user. For example, Ijiri et al. [6] proposed a biologically motivated method for creating animations of opening flowers, and they used an elastic triangular mesh to represent a petal and emulate its growth by developing each triangular region. Chen et al. [7] obtained parameters from a database of tree models and selected the best-matching model by comparing its 2D projections with the sketch. Wither et al. [8] presented a method based on a new structure from a silhouette paradigm that offers simple and rapid user control. Anastacio et al. [9] modeled petals or leaves by drawing their main axis structure. Longay et al. [10] applied the spatial colonization algorithm for sketch modeling in which a tree grew autonomously for a given branch direction and tree range.
Image-based plant-modeling refers to the reconstruction of plants based on a single plant image or multiple tree images. For example, Neubert et al. [11] established an approximate voxel-based tree volume model that generates subbranches and twigs using particle flows. Hu et al. [12] employed an edge detection method to extract wheat lamina edge data and mapped the 2D edge data to 3D space according to a wheat curve function, thus constructing an unrestricted lamina model and a restricted (lamina) twisting and wrapping model. Using multiple images of cucumber leaf, Yang et al. [13] extracted feature points from the edge and midrib of the leaf blade using a corner detection algorithm and calculated the 3D coordinates of feature points by matching them. Then, the edge and midrib of the leaf surface were fitted using B-spline curves and Delaunay triangulation was used to generate a triangular mesh representation for the leaf blade. Finally, texture mapping was added to the geometry model to improve the appearance of the results. Li et al. [14] applied an image-based method to analyze the growth of plants from 4D point cloud data using a projector-camera system. Tan et al. [15] introduced a sketching method to generate a realistic 3D tree model from a single image in which the 2D projection of the model and the input image are matched to generate a 3D shape. Bradley et al. [16] proposed a method to augment and increase leaf density in the reconstructions of captured foliage as well as to synthesize new foliage that conforms to a user-specified layout and density. Using a small number of images, point cloud data is extracted from multi-view stereo, and the exemplar leaf mesh is fitted nonrigidly to the point cloud over several iterations. Yan et al. [17] presented a semi-automatic method for reconstructing flower models from a single photograph. According to the shape features of template petals, the individual original shape of the petals was computed and then deformed to obtain the shape of the petals.
With the rapid development of scanning techniques, a variety of plant reconstruction methods based 3D point clouds have been proposed. For example, Pirk et al. [18] presented a dynamic tree modeling and representation technique that allows complex tree models to interact with their environment. Raumonen et al. [19] presented a new method for automatically constructing precision tree models from point clouds of the trunk and branches that starts with the reconstruction of small connected surface patches of the tree branch,and then develops to the entire branch. Yan et al. [20] introduced the paradigm of proactive scanning, in which the user actively modifies the scene while scanning it to reveal and access occluded regions. Ijiri et al. [21] introduced a semi-automatic 3D flower modeling technique that utilizes an X-ray computed tomography (CT) system and real-world flowers. Yin et al. [22] presented a technique for acquiring and modelling plants and foliage. At the core of the method is an intrusive acquisition approach that disassembles the plant into disjoint parts that can be accurately scanned and reconstructed offline. Wu et al. [23] reduced the blade point cloud to a 2D space and constructed the NURBS surface control points using leaf blade parameters such as leaf length, leaf width, leaf azimuth, and leaf inclination angle, which can quickly obtain the meshing of the blade, especially a flat blade. Zhang et al. [24] searched the K-neighborhood points based on the bounding box method and calculated discrete points. Then, they extracted the boundary feature points using the least-squares principle and simplified the non-boundary points to different degrees to obtain a 3D reconstruction of an apple tree leaf blade. Li et al. [25] applied robust estimation to fit a spherical surface that approximates the local surface with point cloud normals as constraints. Then, they quickly searched the relevant bounding sphere to calculate the first approximated segment-surface intersections, and continuously inserted the intersection to perform Delaunay subdivision. This algorithm is able to reconstruct high quality surfaces from point clouds with high noise levels. Yang et al. [26] used the RANSAC algorithm to extract planar structures. The original points are divided into planar points, crease points (points at which two planes intersect), corner points (points at which three or more planes intersect), and clutter points. Then, the structured point cloud is divided into tetrahedrons using 3D Delaunay triangulation and forms a triangle mesh, reconstructing the surface of the point cloud. Shi et al. [27] modeled the blade using a filter to denoise the point cloud data, then took samples using the voxelized mesh. Finally, a blade model was generated using Delaunay triangulation from the sparse point cloud.
This study employs a combination of the three methods (visual-based, sketch-based, and point cloud-based) described above to improve the accuracy of the vision-based method and speed up the processing of the point cloud data.
Data Acquisition of the Leaf Point Cloud
We used an Artec Spider handheld structured light 3D scanner to scan the targeted leaf in a room as follows: First, we fixed a Nanfeng tangerine leaf to a base, opened the software ARTEC STUDIO11, and adjusted the indoor light to meet the needs of the scanning environment. Then, we observed the histogram presented by ARTEC STUDIO11 and calibrated the distance between the scanner and the tangerine leaf. When the targeted leaf appeared at the center of the histogram, we recorded its image. Finally, we held the scanner steadily and circled the leaf, thus, obtaining the point data of the tangerine leaf. Fig. 1 shows the point cloud data of the five tangerine leaves used in this study. 99,519 points 100,001points 99,330points 99,784points 100,001points PCA is a statistical procedure that applies an orthogonal transformation to convert a set of observations of possibly correlated variables into a set of linearly uncorrelated variables called principal components. The main steps for extracting the principal axis direction of the leaf and the normal vectors of leaf surface using PCA are as follows: the data of the point cloud of the leaf is read, the covariance matrix of the point cloud in three coordinate directions is calculated, then the eigenvalue of the covariance matrix and the eigenvector of the corresponding orthogonalization are calculated. The eigenvector for the largest eigenvalue is taken as the direction of the main axis of the leaf and the smallest eigenvalues are treated as the normal vector of the leaf. The white line in Fig. 1 indicates the midrib direction of the leaf calculated using the above procedure.
Shape Characteristics of the Blade
The leaf shape features include edge point lines (the black lines in Fig. 2a ), the midrib point line (the black line in Fig. 2b) , and the curved point line (black line in Fig. 2c ). The precondition for extracting these features is that the point cloud should be rotated with its principal axis along the Y-axis and the normal vector of the blade point cloud surface on the Z-axis. Figure 3 shows the result of the point cloud coordinate transformation of the leaf. 
Three Projection Directions of the Blade Point Cloud
For the sake of distinction, the point projection of the point cloud was set to be white points in the image. We projected the front-view point cloud onto the XY coordinate plane, and the projected image f(x, y) is a binary image. Figure 4(a) represents the front-view image of Leaf 2. Then, the point cloud of the leaf is rotated 90° around the Y-axis and projected directly onto the XY coordinate plane to obtain the side-view image, as shown in Fig. 4(b) . Last, we rotated the point cloud of the blade 90° around the X-axis and then 90° around the Y-axis, and performed an orthographic transformation to obtain the top-view image, as shown in Fig. 4(c) . Projected Image Denoising Figure 4 shows that there are noise points in the three view images of the point cloud. We need to remove them before we can extract the edge point line correctly. The image is hence filtered using morphological operations. Using a 3×3 structural element, open and close operations are applied to Fig. 4 , that is, (X○S)•S = ((((X㊀S)㊉S)㊉S))㊀S, where X represents the leaf points in the image (white points) and S is the structural element. In addition,㊀, ㊉, ○, and • are opening and closing operators. Figure 5 shows the filtered results of the image in Fig. 4 , which shows that the noise has been eliminated.
Extraction of Leaf Shape Points
First, we alternately scan the front-view image from top to bottom and from left to right so that the leaf boundary pixels of the front-view image are black on the left and white on the right or black on the right and white on the left. When encountering white pixels, we record the (x, y) coordinate position. When only black pixels are scanned, the extraction of point line on the left edge of the leaf is complete. Then, we extract the point line for the right edge of the leaf by similarly scanning the same image from top to bottom and from right to left to obtain the final point line ( Fig. 6(a) ). In the same way, we extract the point line of the main axis of the leaf (Fig. 6 in the middle). Next, we scan the top view image from top to bottom and from left to right to extract the dotted line of the left curved edge of the leaf; we scan the same image from top to bottom and from right to left to extract the point line of the right curved edge of the leaf. By averaging the dotted lines on the left and right edges, the dotted line where the leaf is curved is obtained. 
Reconstruction of the Blade Shape

Defining the Blade Parametric Equation (1)Parametric equation of plane rectangle
The initial contour of the leaf is defined using the parametric equation of the plane rectangle3 as follows:
Here, W is given a small value and H is the height of the leaf.
(2)Deformation of the rectangular edge
We add boundary deformation functions △x BL and △y BR in the horizontal direction as follows:
X(t, v) = Wt +△x BL +△y BR , Y(t, v) = Hv, Z(t, v) = 0 (−0.5 ≤ t ≤ 0.5, 0 ≤ v ≤ 1) (2) (3)Bending deformation of rectangular plane The leaf is not a plane but has a certain degree of curvature. In the Z direction (plane normal vector), we add the deformation curve functions △n xB and △n yB in two directions as follows:
Determining the Coefficients of the Blade Parameter Equation
(1) Height of the blade To make the point cloud coordinate system consistent with the defined rectangular coordinate system, we move the vertex of the edge point line in the front-view image to the origin of the rectangular coordinates, where the height of the edge point line is the height of the leaf.
(2) Calculating the deformation function We adopted a Bezier curve with its start point and end point passing through the control line to represent the deformation function [28] . To obtain a more accurate fit, the coordinates of the control points are inversely calculated according to the shape point line of the blade. Given coordinates P(x i , y i ) (i = 0, 1, 2, …, n), n Beizer sub-curves are formulated as follows:
The coordinates of the leaf shape point line obtained by the point cloud are denoted by x and y in the above formula and the coordinates P(x i , y i ) of each control point are unknown. For shape point lines, the y component of each point is incremented by one point unit; therefore, only the values of the x component need to be calculated as follows: If t = i/n, the equation for Beizer curve n + 1 can be determined, and control points P(x i , y i ) (i = 0, 1, 2,…, n) for the Bezier curves of the shape point line can be solved. Experiments show that when n = 4, the Bezier curve agrees well with the shape point line. Thus, taking the first point and the last point and then three equally spaced points along the line,we obtained four control points for the Bezier curve.
Designing the Modification Function
(1) Rectangular edge deformation function
The rectangular edge deformation function is expressed as follows:
In the formula, x iL (i = 0, 1, 2, 3, 4) is the Bezier curve control point of the point line of the left leaf edge found by inverse calculation. x iR (i=0,1,2,3,4) is the Bezier curve control point of the point line of the right leaf edge found by inverse calculation.
(2) Rectangular midrib deformation function Because the parameters of the main axis Bezier curve are from 0 to 1 and the corresponding coordinate parameters of the blade are from 0 to H, a parameter transformation is required. Similarly, to ensure that the midrib deformation does not affect the blade height, we modify the parameters of the Bezier curve to correspond with the y-coordinate after the blade edge is deformed in a way such that when the blade y-coordinate ranges from the bottom to the top, the parameters of the midrib Bezier curve range from 0 to 1, that is, the parameters of the Bezier curve are as follows: V = y/H (6) In the formula, y is the current y value of the leaf and H is the height of the leaf.When n = 4, the midrib deformation function is as follows:
x ny (7) In the equation, x 0m , x 1m , x 2m , x 3m , and x 4m are the four Bezier curve points of the main axis line obtained by four inverse calculations.
(3) Blade curving deformation function The parameters of the curved Bezier curve range from 0 to 1, and the corresponding coordinate parameters of the leaf range from −0.5 to 0.5, which requires parameter transformation. In addition, to make the blade curving deformation keep the same deformation amplitude at the same x position, we correlated the parameters of the Bezier curve with the x−coordinate after the blade edge was deformed in this way: when the blade x moves from the left edge to the right edge, the curve parameters of the Bezier curve range from 0 to 1, that is, the parameters of the Bezier curves are as follows:
Here, x is the current x-value of the blade, W is the maximum width of the blade, and xL is the left edge coordinate at the maximum width of the leaf. When n = 4, the blade curve deformation function is as follows:
Here, x 0t , x 1t , x 2t , x 3t , and x 4t are the four Bezier curve control points of the curved line found by four inverse calculations.
Results of Blade Reconstruction
To demonstrate the results of the leaf reconstruction, we used Z-cache blanking and a simple illumination model to draw the leaf shape. The black area in Fig. 7 represents the original three views of the point cloud while the green area in Fig. 7 shows the three views of the reconstructed 3D graphics. The figures show that the reconstructed blade image is very close to that of the point cloud.
Conclusion
This paper proposed a new method for the image-based reconstruction of similar tangerine leaves by combining the techniques of point cloud information, image processing, and deformation modeling. This method improves the efficiency of point cloud information processing, makes it easier to obtain accurate information from images, and makes the deformation modeling more accurate. For the leaf point cloud, the method for extracting the geometric and shape characteristics of the leaf is presented. In addition, by combining graphic and image processing methods, we projected the 3D point cloud onto three 2D views and used image processing to eliminate the noise points. The rectangular deformation method is then used to design the geometric model of the leaf. Using the characteristics of the blade shape, we designed a Bezier deformation function for the blade edges and the corresponding Bezier deformation functions in the normal vector direction. Finally, we used parametric equations to represent the surface of the leaf. The leaf image reconstruction was shown to be computationally efficient and have realistic geometry, and can be applied to plants whose leaf midribs are mostly straight. Further research is need for leaf reconstruction for plants whose midribs have a large bend. 
